Aims/hypothesis Translationally controlled tumour protein (TCTP) is thought to be involved in cell growth by regulating mTOR complex 1 (mTORC1) signalling. As diabetes characteristically induces podocyte hypertrophy and mTORC1 has been implicated in this process, TCTP may have a role in the pathogenesis of diabetes-induced podocyte hypertrophy. Methods We investigated the effects and molecular mechanisms of TCTP in diabetic mice and in high glucose-stimulated cultured podocytes. To characterise the role of TCTP, we conducted lentivirus-mediated gene silencing of TCTP both in vivo and in vitro. Results Glomerular production of TCTP was significantly higher in streptozotocin induced-diabetic DBA/2J mice than in control animals. Double-immunofluorescence staining for TCTP and synaptopodin revealed that podocyte was the principal cell responsible for this increase. TCTP knockdown attenuated the activation of mTORC1 downstream effectors and the overproduction of cyclin-dependent kinase inhibitors (CKIs) in diabetic glomeruli, along with a reduction in proteinuria and a decrease in the sizes of podocytes as well as glomeruli. In addition, knockdown of TCTP in db/db mice prevented the development of diabetic nephropathy, as indicated by the amelioration of proteinuria, mesangial expansion, podocytopenia and glomerulosclerosis. In accordance with the in vivo data, TCTP inhibition abrogated high glucose-induced hypertrophy in cultured podocytes, which was accompanied by the downregulation of mTORC1 effectors and CKIs. Conclusions/interpretation These findings suggest that TCTP might play an important role in the process of podocyte hypertrophy under diabetic conditions via the regulation of mTORC1 activity and the induction of cell-cycle arrest.
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Introduction
Diabetic nephropathy (DN) is characterised by glomerular hypertrophy, which is partly due to hypertrophy of glomerular cells including podocytes [1] . Until recently, podocyte hypertrophy in DN was thought to be merely a compensatory phenomenon to cover the denuded glomerular basement membrane (GBM) due to podocyte loss following injury [2] . However, mounting evidence indicates that the density of the podocytes, rather than their absolute numbers, is reduced in the early stage of DN in humans [3] , as well as in an experimental diabetic model [4] . This suggests that the mechanical load in podocytes due to glomerular hypertrophy may cause adaptive growth and cellular injury [5, 6] . In addition, the spontaneous hypertrophy of podocytes that precedes other structural changes in DN has been indentified in a recent morphometric analysis [7] , suggesting that podocyte hypertrophy is a prominent early feature of DN that is independent of other pathological changes. Therefore, understanding the pathogenesis of podocyte hypertrophy may be a major challenge to the treatment of DN. Diabetes-induced podocyte hypertrophy requires G 1 /S cell-cycle arrest mediated by cyclin-dependent kinase inhibitors (CKIs) [5, 8] . In addition, the activation of mTOR complex 1 (mTORC1) and its downstream effectors, including eukaryotic elongation factor 4E-binding-protein-1 (4EBP1) and p70S6 kinase (p70S6K), play a pivotal role in diabetes-induced podocyte hypertrophy [9, 10] .
Translationally controlled tumour protein (TCTP) plays a role in various intracellular functions, including cell growth [11] . Although the precise mechanisms by which TCTP regulates cell growth remain elusive, TCTP may induce cellular hypertrophy through the mTORC1 pathway [12] [13] [14] . Because glomerular cell hypertrophy is a characteristic of DN, TCTP may play an important role in cellular hypertrophy through the activation of mTORC1 signalling. However, the role of TCTP under diabetic conditions has not been characterised. Therefore, we examined changes in TCTP production in diabetic glomeruli and quantified the impact of TCTP on the sizes of podocytes and glomeruli. The signalling pathway that regulates podocyte hypertrophy was also investigated.
Methods
Generation of Tctp shRNA-expressing lentivirus According to the mouse cDNA sequence of Tctp, three siRNA target sites were selected using the siRNA Selection Web Server (http://jura.wi.mit.edu/bioc/siRNA). In addition, a scrambled sequence was created as a control (electronic supplementary material [ESM] Table 1 ). The annealed oligonucleotides were inserted into the BstBI-BbsI sites of the pCMV-U6 vector (a gift from P. Osten, Northwestern University, Feinberg School of Medicine) [15] . The PCR-positive samples were sequenced and named pCMV-U6-TctpshRNA-1,2,3 and scrambled. The U6-TctpshRNA cassettes were recloned into the lentiviral vector FUGW (P. Osten) [15] using NheI/BstBI. Lentiviruses were produced as previously described [16] . A TCTP construct was also generated by PCR with the following primers: 5′-AACCGCTAGATCTATGATCATCTACCGG GACATA-3′ and 5′-AGGCCGGTCGACTTAACATTTCTC CATCTCTAAGCC-3′. This construct was cloned into penhanced green fluorescent protein (EGFP)-C1 (BD Biosciences, Franklin Lakes, NJ, USA), resulting in the vector pEGFP-C1-Tctp.
Experimental protocols All animal studies were conducted using approved protocols and carried out in accordance with the Principles of Laboratory Animal Care (NIH Publication no. 85-23, revised 1985) . Male DBA/2J mice (Jackson Laboratories, Bar Harbor, ME, USA) weighing 24-26 g were injected with either the diluent or streptozotocin (40 mg kg −1 day −1 ) intraperitoneally for 5 consecutive days.
Diabetes was confirmed by blood glucose levels above 16.65 mmol/l on the third day after the last injection. After the confirmation of diabetes (day 0), diabetic mice were randomly allocated (n08 per group) for treatment with PBS (DM), LV-scr (DM+LV-scr) or LV-shTctp1 (DM+LV-shTctp1). Similarly, non-diabetic mice were assigned to one of three groups (n08 per group) and were injected with PBS (C), LV-scr (C+LV-scr) or LV-shTctp1 (C+LV-shTctp1). The animals were given the selected treatment on days 0 and 7 via hydrodynamic tail vein injection as described previously [17] . Briefly, mice were maintained under isoflurane anaesthesia and given injections into the tail vein within 10 s of 1 ml of PBS alone or PBS containing 4 × 10 8 TU of lentivirus. Mice were killed at 6 weeks after the first injection of lentivirus or PBS.
To elucidate the role of TCTP in long-term changes, 6-week male db/db mice (C57BLKS/J-lepr db /lepr db ) and their non-diabetic control db/m mice (C57BLKS/J-lepr db/m ) were purchased from Jackson Laboratories, then treated with PBS, LV-scr or LV-shTctp1 at 7 and 8 weeks of age using the same method done with the DBA/2J mice, and were killed at 28 weeks of age.
Detection of integrated lentivirus To detect tissue integration of the lentiviral vector that contains the EGFP as a reporter, a semi-nested PCR using EGFP-specific primers (ESM Table 2 ) was performed with genomic DNA extracted from the liver, spleen, lung, heart, brain and kidney.
ELISA for EGFP The EGFP concentrations were measured by ELISA as previously described [18] (see ESM Methods).
Biochemical analyses AER was measured by ELISA. The urinary sodium, serum and urinary creatinine levels were measured by enzymatic method.
ELISA for TCTP The levels of TCTP were measured in mouse plasma and urine, and cell culture media using a commercial ELISA kit (USCN Life, Wohan, People's Republic of China).
Morphometric analyses
The glomerular volume (V G ) was determined as described previously [19] . The numerical density (ND P/G ) and number of podocytes/glomerulus (N P/G ) were estimated with an unbiased stereological technique using an optical dissector [7, 20] . Podocyte nuclei in the reference section that were not present in the look-up section were counted (Q P − ). The ND P/G was calculated as ΣQ P − /(ΣA G ×h), where h is the distance between sections with a value of 1.5 μm. N P/G was calculated as ND P/G ×V G . The volume fractions of podocytes/glomerulus (VF P/G ) and mesangium/ glomerulus (VF MES/G ) were measured at each section level with a point-counting method. The podocyte volume (V P ) and mesangial volume/glomerulus (V MES/G ) were estimated as VF P/G /ND P/G . and VF MES/G ×V G respectively. The degree of glomerulosclerosis was assessed using a semi-quantitative score as described previously [21] (see ESM Methods).
Immunofluorescence For double-immunofluorescence staining, 4 μm frozen sections stained with monoclonal antibody to TCTP (MBL International, Woburn, MA, USA) and Cy2-conjugated anti-mouse IgG antibody (Research Diagnostics, Flanders, NJ, USA) were further incubated with monoclonal rat anti-CD31, monoclonal rat anti-Thy1.1 (Abcam, Cambridge, UK) or polyclonal goat anti-synaptopodin antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA), followed by the appropriate fluorescent secondary antibodies.
TUNEL assay Apoptosis was assessed by TUNEL staining. TUNEL-positive cells were recognised as podocytes if the cells resided on the outer aspect of the GBM.
Electron microscopy Four 1 mm 3 samples of the renal cortex of each mouse were embedded in epoxy resin. The appropriate areas were stained with uranyl acetate and lead citrate before electron microscopy (JEM-1400, JEOL, Tokyo, Japan).
Glomerular isolation Glomeruli were isolated by a sieving technique as described previously [22] .
Podocyte culture Conditionally immortalised mouse podocytes (a gift from P. Mundel, School of Medicine, University of Miami) were cultured as previously described [23] (see ESM Methods). After confirming differentiation, 4×10
5 TU of lentivirus suspension was added to each well. Lentiviraltransduced or non-transduced podocytes were serum restricted for 24 h, after which the medium was changed to RPMI containing normal glucose (NG, 5.6 mmol/l), NG+ 24.4 mmol/l mannitol (NG+MN), NG+10 −6 mol/l angiotensin II (NG+AII), high glucose (HG, 30 mmol/l) or HG+ 10 −7 mol/l L-158809 (HG+angiotensin II receptor blocker
[ARB]). To elucidate the effects of extracellular TCTP, cultured podocytes were exposed to NG media containing recombinant TCTP (rTCTP) (0, 0.5, 1, 10 μg/ml) (Novus Biologicals, Littleton, CO, USA) and to HG media containing 0.5 μM of dimerised TCTP-binding peptide-2 (dTBP2) that inhibits the cytokine-like effects of TCTP (a gift from K. Lee, College of Pharmacy, Ewha Womans University) [24] .
Assessment of hypertrophy in cultured podocytes Hypertrophy of the cultured podocytes was assessed from the cellular protein/cell counts and by flow cytometry (see ESM Methods).
Real-time PCR Total RNA extracted from sieved glomeruli and podocytes were reverse transcribed (see ESM Methods). The primers used for TCTP, fibronectin, type IV collagen and 18 s amplifications are listed in ESM Table 2 .
Western blot analysis Western blots were performed using antibodies against TCTP (MBL International), phospho-4EBP1, 4EBP1, phospho-p70S6K, p70S6K, active caspase-3 (Cell Signaling, Beverly, MA, USA), fibronectin (Dakocytomation, Glostrup, Denmark), type IV collagen (SouthernBiotech, Birmingham, AL, USA), p27, p21, EGFP or β-actin (Santa Cruz Biotechnology) (see ESM Methods).
Statistical analysis All values are expressed as the mean± SEM. p < 0.05 was considered significant (see ESM Methods).
Results
Gene-silencing efficiency
To test the gene-silencing efficiency of the shRNA, COS7 cells were co-transduced with pEGFP-C1-Tctp and pCMV-U6-TctpshRNA-1,2,3 or scrambled. After 2 days, a significant reduction in the green fluorescent signals was found in cells transduced with pCMV-U6-TctpshRNA-1 and 3, and these results were further confirmed by western blotting (ESM Fig. 1a, b ). The cultured podocytes were then incubated for 2 days with lentiviruses generated with these vectors. LV-shTctp1 inhibited endogenous TCTP protein production more efficiently than LV-shTctp3 (ESM Fig. 1c) . Therefore, the subsequent experiments were performed with LV-shTctp1 or LV-scr.
In vivo transduction efficiency To test the in vivo transduction efficiency, we performed a hydrodynamic tail vein injection of LV-shTctp1, LV-scr or PBS into additional DBA/2J mice two times with a 1-week interval (n04 per group). EGFP production as assessed by semi-nested PCR was highest in the liver and spleen, but also detected in the kidney at 6 weeks after the first injection (ESM Fig. 2a ). In addition, immunostaining revealed that EGFP was produced in the glomeruli and tubulointerstitium of lentivirus-injected mice but not in those of PBS-injected mice at 2 and 6 weeks (ESM Fig. 2b ). Additionally, the EGFP concentration in kidney lysates measured by ELISA persisted over the 6-week period (ESM Fig. 2c ).
Animal data of DBA/2J mice The ratios of kidney/body weight in DM and DM+LV-scr mice were significantly higher than in C or C+LV-scr mice. In contrast, the ratio was significantly lower in DM+LV-shTctp1 mice than in DM or DM+LV-scr mice. Compared with the C group, 24-h AER was significantly higher in DM mice, and LVshTctp1 transduction partly reversed this increase. Meanwhile, LV-shTctp1 transduction in control mice did not affect the levels of AER. The urine sodium/creatinine ratios were significantly higher in all groups with diabetes than in C mice, but TCTP knockdown did not significantly affect the ratio (Table 1) . Data are mean±SEM (n08 per group) *p<0.05 vs DM mice; **p<0.01 vs C mice . Glomerular TCTP protein production was significantly higher in DM mice than in C mice (7.8-fold), and LV-shTctp1 treatment significantly reduced TCTP protein production in both the C and DM glomeruli by 38.0% and 64.1% respectively. LV-scr did not induce any significant change in the production of TCTP. The production of EGFP served as a lentiviral transduction control. *p<0.05 vs C and C+LV-scr groups; **p<0.01 vs DM and DM+LV-scr group; *** p<0.001 vs C and C+LV-scr groups. b Tctp mRNA expression in sieved glomeruli. The expression pattern of the Tctp mRNAwas similar to that of the protein. *p<0.05 vs C and C+LV-scr groups; ** p<0.01 vs C and C+LV-scr groups; † p<0.05 vs DM and DM+LV-scr group. Data are means±SEM Glomerular production of TCTP and in vivo gene-silencing Glomerular TCTP protein levels were significantly higher in DM and DM+LV-scr mice than in C and C+LV-scr mice. Densitometric quantification revealed that LV-shTctp1 treatment significantly reduced TCTP production in both control and diabetic glomeruli. EGFP was only produced in glomeruli from lentivirus-injected mice (Fig. 1a) . Tctp mRNA expression exhibited a similar pattern to that for protein production (Fig. 1b) .
Localisation of TCTP production To identify the cell types responsible for TCTP overproduction in DM glomeruli, kidney tissues were double-stained for TCTP and cell type-specific markers for podocyte (synaptopodin), mesangial cell (Thy1.1) or endothelial cell (CD31). TCTP colocalised with all of the cell types examined in C glomeruli (Fig. 2a) . In contrast, the intensity of TCTP immunofluorescence and its colocalisation signal with synaptopodin were greater in DM and DM+LV-scr glomeruli (Fig. 2b, c) . These results indicate that podocytes were primarily responsible for the increase. In contrast, LV-shTctp1 transduction in diabetic mice markedly reduced the signal for TCTP and its colocalisation with synaptopodin (Fig. 2c) .
Morphological changes Light microscopy revealed a marked glomerular hypertrophy in DM and DM+LV-scr groups when compared with C and C+LV-scr groups. In contrast, LVshTctp1 transduction attenuated the glomerular hypertrophy and cell type-specific markers for podocyte (synaptopodin, red), mesangial cell (Thy1.1, red) or endothelial cell (CD31, red). a In C glomeruli, TCTP appeared to colocalise with all three cell types (yellow). b Compared with C glomeruli, the intensity of the immunofluorescence for TCTP was increased in DM glomeruli. Doubleimmunofluorescence staining revealed that the increase in TCTP protein production was primarily attributable to the increase in podocytes. c Both TCTP fluorescence and the colocalisation signal (yellow) were decreased in DM+LVshTctp1 glomeruli, suggesting that the lentivirus-mediated RNA interference of TCTP effectively inhibited the diabetes-induced TCTP overproduction in podocytes. LV-scr had no effect on the production of TCTP (magnification ×400) in diabetic mice but did not change the size of glomeruli in control mice (Fig. 3a) . The histological changes were then quantified with a stereological analysis. The mean V P and V G were significantly higher in DM and DM+LV-scr groups than in C and C+LV-scr groups, whereas the ND P/G was lower in DM and DM+LV-scr groups. These morphological changes were significantly ameliorated by LV-shTctp1 treatment. Meanwhile, LV-shTctp1 transduction in control mice did not affect the V P or V G . The N P/G was not significantly different among the groups (Fig. 3b-e) . Electron microscopy revealed that the podocytes of DM and DM + LV-scr mice were enlarged with thickening of the GBM and focal foot process effacement. However, diabetes-induced podocyte hypertrophy and foot process effacement, but not GBM thickening, were substantially attenuated in DM+LV-shTctp1 mice (Fig. 3f and  ESM Fig. 3) .
Effect of TCTP inhibition on the mTORC1 effectors, CKIs and apoptosis The protein levels of phospho-4EBP1, phospho-p70S6K, p27 and p21 were significantly increased in DM and DM+LV-scr glomeruli, and LV-shTctp1 transduction in diabetic mice significantly abrogated these increases. However, LV-shTctp1 transduction in control mice did not affect the protein levels of the molecules. The protein levels of 4EBP1 and p70S6K were not different among the groups (Fig. 4a ). There were significant increases in the numbers of TUNEL-positive cells in DM and DM+ LV-scr groups relative to C group, and this increase was significantly ameliorated by LV-shTctp1 treatment in diabetic mice. Considering the location and appearance of TUNELpositive cells within glomeruli, podocytes were the main apoptotic cells. Meanwhile, LV-shTctp1 did not affect the number of TUNEL-positive cells in control mice (Fig. 4b) .
Levels of plasma and urine TCTP There were no significant differences in plasma TCTP levels between DM and C mice. Moreover, LV-shTctp1 treatment failed to reduce plasma TCTP levels in both C and DM mice. In contrast, urinary TCTP/creatinine ratios were significantly increased in DM mice compared with C mice, and these increases in DM mice were attenuated by LV-shTctp1 transduction, but did not reach statistical significance (ESM Fig. 4) .
Effect of TCTP inhibition on long-term renal alterations in db/db mice At 28 weeks of age, the ratios of kidney/body weight in db/db and db/db+LV-scr mice were significantly higher than in db/m and db/m + LV-scr mice, and this increase in db/db mice was significantly abrogated by LV-shTctp1. In addition, compared with the db/m groups, 24-h AER was significantly higher in db/db mice, and LVshTctp1 transduction significantly inhibited the increase in db/db mice. Moreover, creatinine clearance normalised for body weight was significantly lower in db/db and db/db+ LV-scr mice than db/m and db/m+LV-scr mice. Although LV-shTctp1 administration in db/db mice ameliorated the decrease in creatinine clearance, there was no statistically Fig. 3 Morphological changes of glomeruli and podocytes. a Representative light microscopy images of the kidneys. The kidneys from DM and DM+LV-scr mice exhibited marked glomerular hypertrophy compared with those of C or C+LV-scr mice, and treatment with LV-shTctp1 prevented this increase in DM mice (PAS stain; magnification ×100) b-e Stereological analyses. The mean V G (b) and V P (c) were significantly higher, whereas ND P/G (d, e) was lower in the DM and DM+LV-scr groups. The LV-shTctp1 treatment significantly ameliorated these morphological changes. On the other hand, the mean N P/G was comparable among the six groups. *p<0.05 vs C and C+LV-scr groups; † p< 0.05 vs DM and DM+LV-scr group. f Representative transmission electron microscopy of glomeruli (magnification ×2,000). Prominent hypertrophy of the podocytes was noted in DM and DM+LV-scr mice. The LVshTctp1 treatment substantially ameliorated the hypertrophy of the podocytes in DM mice. Data are means±SEM significant difference (Table 2) . Consistent with these functional data, mesangial expansion was observed in 28-week db/db and db/db+LV-scr mice (Fig. 5a, b) , along with increased glomerular mRNA and protein levels of fibronectin Fig. 4 Effect of TCTP inhibition on mTORC1 signalling, CKIs and apoptosis. a A representative western blot of glomerular phospho-4EBP1, 4EBP1, phospho-p70S6K, p70S6K, p27 and p21 (representative of four blots). The ratios of phospho-4EBP1/4EBP1 and phosphop70S6K/p70S6K were significantly higher in DM and DM+LV-scr glomeruli, and the transduction of LV-shTctp1 significantly attenuated these increases in 4EBP1 and p70S6K activation in DM glomeruli (by 43.1% and 43.0% respectively). Glomerular p27 and p21 protein production was significantly higher in DM mice than in C mice, and the administration of LV-shTctp1 significantly reduced these increases. Densitometric quantification revealed 4.3-and 2.5-fold increases in glomerular p27 and p21 protein production in DM vs C mice. LVshTctp1 treatment blocked these increases by 39.8% and 32.2%, respectively. Black bars, phospho-4EBP1/4EBP1; white bars, phospho-p70S6K/ p70S6K; upward diagonal hatched bars, p27/β-actin; downward diagonal hatched bars, p21/β-actin. **p<0.01 vs C groups; † p<0.01 vs DM group; *p<0.05 vs DM group. b Assessment of podocyte apoptosis using the TUNEL assay. There was a significant increase in the mean number of TUNEL-positive podocytes (arrowheads) in DM and DM+LV-scr mice when compared with C and C+LV-scr mice. The increase in apoptotic podocytes in DM glomeruli was significantly abrogated by LV-shTctp1 treatment. Meanwhile, treatment with LV-shTctp1 did not affect the number of TUNEL-positive podocytes in C mice (magnification ×400). *p< 0.05 vs C groups; † p<0.05 vs DM group. Data are means±SEM Fig. 5d-f ) and reduced podocyte number (Fig. 5g) . These changes were significantly attenuated by LV-shTctp1 administration. Furthermore, db/db and db/db+LV-scr mice displayed significantly increased sclerosis index, whereas LV-shTctp1 administration in db/db mice tended to decrease the score (Fig. 5c ).
Tctp mRNA and protein levels in cultured podocytes HG caused an increase in Tctp mRNA expression in a timedependent manner. NG+AII also significantly increased Tctp mRNA and protein levels in a time-dependent manner (Fig. 6a) . Western blots of TCTP showed a pattern similar to that of mRNA expression (Fig. 6b) . Meanwhile, L-158809, an AII receptor antagonist, significantly reduced HG-induced TCTP protein production (Fig. 6c) , suggesting that increased TCTP levels in HG-stimulated podocytes is partly attributable to the increase in AII levels by HG. . Enhanced mesangial expansion in db/db mice was ameliorated by LV-shTctp1 treatment (magnification ×400). *p<0.05 vs db/m mice; † p<0.05 vs db/db mice. c Sclerosis index. Glomerulosclerosis was partly ameliorated in db/db+LV-shTctp1 mice. ***p<0.001 vs db/m mice. d A representative western blot of glomerular fibronectin and type IV collagen (representative of four blots). Glomerular fibronectin and type IV collagen protein production were significantly higher in db/db and db/db+LV-scr mice when compared with db/m and db/m+LV-scr mice, and LV-shTctp1 treatment in db/db mice significantly reduced the production of these proteins. *p<0.05 vs db/db mice; **p<0.01 vs db/m mice. The expression patterns of the fibronectin (e) and type IV collagen (f) mRNA were similar to those of the proteins. *p < 0.05 vs db/db mice; **p < 0.01 vs db/m mice. g Stereological analysis for podocyte number. LV-shTctp1 treatment significantly prevented the loss of podocytes in db/db mice. *p<0.05 vs db/db mice; **p<0.01 vs db/m mice. Data are means±SEM Effect of TCTP inhibition on mTORC1 effectors, CKIs, apoptosis and hypertrophy in cultured podocytes LV-shTctp1 treatment significantly abrogated the increase in Tctp mRNA and protein levels in HG-stimulated podocytes (Fig. 7a, b) . HG significantly increased phospho-4EBP1, phospho-p70S6K and p27 protein levels, and the increases were significantly inhibited by LV-shTctp1. The protein levels of p21 showed a similar pattern to that of p27 but did not reach statistical significance. HG also significantly induced the protein production of active caspase-3, and LV-shTctp1 treatment in HG-stimulated podocytes significantly ameliorated this increase. Meanwhile, LV-shTctp1 transduction in NG cells did not change the protein levels of mTORC1 effectors, CKIs or active caspase-3 (Fig. 7c) .
The cellular protein content was significantly higher in HG-stimulated podocytes than in NG cells without significant change in cell number. The increase in protein/cell number under HG was significantly inhibited by LVshTctp1 (Fig. 8a) . The relative cell size, determined by forward light scattering, was also significantly larger in HG-stimulated podocytes than in NG cells. LV-shTctp1 significantly reduced the cell size in HG-stimulated podocytes, but not in NG cells (Fig. 8b) .
Effect of extracellular TCTP The TCTP levels in HGconditioned media were significantly higher than those in NG media (ESM Fig. 5a ). We then performed additional experiments to clarify whether the changes in mTORC1 effectors, CKIs and cell size were attributed to secreted TCTP. However, rTCTP treatment in NG cells had no effect on the protein levels of mTORC1 effectors and CKIs, and the ratios of protein/cell number. In addition, the changes in protein levels of mTORC1 effectors, CKIs and cellular hypertrophy in HG-stimulated podocytes were not affected by dTBP2 (ESM Fig. 5b, c) .
Discussion
TCTP is ubiquitously produced in a wide spectrum of cell types, with high levels of production in actively proliferating cells. In addition, TCTP is induced by growth signals, numerous cytokines and various stress conditions, including oxidative stress, heat shock and endoplasmic reticulum stress [25] . A recent proteomic analysis of cultured skin fibroblasts showed an upregulation of TCTP in patients with DN [26] . As cultured skin fibroblasts are a suitable cell model for investigating the mechanisms of DN development [27] , the production pattern of TCTP was assumed to be similar in renal cells under diabetic conditions. As expected, we found increased TCTP levels in podocytes of DM glomeruli and in HG-stimulated cultured podocytes. Interestingly, AII also increased TCTP production, and HG-induced TCTP overproduction was ameliorated by ARB treatment. AII is locally produced in podocytes under diabetic conditions [28] and plays a pivotal role in the development of DN through oxidative stress, synthesis of various cytokines and induction of endoplasmic reticulum stress [29] . Most of these conditions are mediated by AII overlap with the regulatory mechanisms for TCTP, suggesting that HG-induced AII may contribute to the increase in TCTP production in podocytes.
Recent investigations have revealed that TCTP activates the Akt and extracellular signal-regulated kinase (ERK) pathways [12, 30] . The activated Akt or ERK pathway attenuates the tuberous sclerosis complex 1/2-mediated inactivation of Ras homologue enriched in brain (Rheb) [31] , an immediate upstream regulator of mTORC1 [13, 14] . Furthermore, TCTP positively regulates the mTORC1 pathway by functioning as a guanine-nucleotide-exchange factor (GEF) for Rheb [13, 14] . The GEF activity stimulates the exchange of GDP for GTP on Rheb, which in turn may directly activate mTORC1. Indeed, Hsu et al [14] demonstrated that TCTP knockdown in Drosophila reduces GTPbound Rheb as well as cell size and number. Taken together, these data suggest that TCTP may function upstream of mTORC1 through either direct or indirect activation of Rheb.
Although many studies have shown that mTORC1 is involved in glomerular hypertrophy [9, 32, 33] , there has been limited evidence supporting the involvement of this pathway in podocyte hypertrophy in DN. However, recent studies have shown that mTORC1 effectors are upregulated in the podocytes of diabetic glomeruli, and podocytespecific mTORC1 inhibition attenuates not only diabetesinduced podocyte hypertrophy but also glomerulosclerosis [10, 34] . These data suggest that the mTORC1 activation in podocytes may be an important step in the development and progression of DN. In agreement with previous studies, we found that the activity of mTORC1 effectors was increased in 6-week diabetic glomeruli, as was podocyte volume. However, despite this ample evidence for the aberrant mTORC1 activation in podocytes under diabetic conditions, little is known about the signalling pathways regulating mTORC1 activity in the cells. In this study, we demonstrated that TCTP is differentially overproduced in podocytes of diabetic glomeruli, and TCTP inhibition attenuated proteinuria and podocyte hypertrophy that was accompanied by reduced phosphorylation of mTORC1 effectors in the early stage of a type 1 DN model. Furthermore, we also found that TCTP inhibition in type 2 diabetic mice at an early age prevented the chronic changes of DN including mesangial expansion ‡ p<0.01 vs HG group. c A representative western blot of phospho-4EBP1, 4EBP1, phospho-p70S6K, p70S6K, p27, p21 and active caspase-3 in cultured podocytes (representative of four blots). The protein production levels of phospho-4EBP1, phospho-p70S6K, p27 and active caspase-3 were significantly higher in HG-stimulated podocytes, and these increases were significantly attenuated by LV-shTctp1. In contrast, there were no differences in 4EBP1 or p70S6K protein production among the groups. The protein production pattern of p21 was similar to that of p27, but the difference did not reach statistical significance. Black bars, phospho-4EBP1/4EBP1; white bars, phospho-p70S6K/p70S6K; upward diagonal hatched bars, p27/β-actin; downward diagonal hatched bars, p21/ β-actin; black spotted bars, active caspase-3/β-actin. and glomerulosclerosis. These findings suggest that TCTP overproduction may contribute to diabetesinduced podocyte hypertrophy by stimulating mTORC1 activity and that TCTP inhibition may have potential therapeutic roles in DN.
Although the reasons for the differential production of TCTP in podocytes are unclear, it may be due to the difference in regulatory mechanisms of mTORC1 activity between podocytes and other glomerular cell types. Although the activity of Akt, a canonical upstream regulator of mTORC1, is increased in mesangial [35, 36] and endothelial cells [37] under diabetic conditions, the activity is decreased in podocytes from mice with early DN [38] . Indeed, reduced activity of Akt following impaired insulin signalling in podocytes is involved in the development of DN [39, 40] . Thus, these previous studies and our results indicate that a mechanism other than Akt activation may induce mTORC1 activation in podocytes under diabetic conditions, and TCTP overproduction in podocytes may play a role in Akt-independent mTORC1 activation. However, TCTP inhibition did not reproducibly reduce the activity of mTORC1 effectors in control mice, suggesting that TCTP does not regulate mTORC1 signalling under normal conditions or a minimum level of TCTP may be required to activate mTORC1 signalling.
Several studies support the existence of an interaction between the mTORC1 pathway and the production of CKIs. Sakaguchi et al [41] suggested that the renal production of CKIs in streptozotocin-induced diabetic mice is ameliorated by an mTORC1 inhibitor. Similarly, we found that increases in levels of CKIs in experimental diabetic glomeruli were attenuated by TCTP inhibition, which was accompanied by the reduced activities of mTORC1 effectors. These findings suggest that the mTORC1 pathway and its potential upstream activator, TCTP, may provoke cellular hypertrophy by inducing CKI production under diabetic conditions. In contrast, Hong et al [42] showed that activation of mTORC1 may promote G 1 progression through the cytoplasmic Fig. 8 Assessments of podocyte hypertrophy. a Protein/number of podocytes. A 1.91-fold increase in the protein/cell number ratio was observed in podocytes exposed to HG, and the increase in the ratio was significantly inhibited (25.3%) by LV-shTctp1. In contrast, LV-scr had no effect on the protein/cell number ratio in cultured podocytes exposed to NG. . Moreover, several investigators reported that mTORC1 inhibitors block cell-cycle progression by disrupting cyclin/cyclin-dependent kinase complexes or upregulating p27
Kip1 [43] . We hypothesise that these opposite effects of mTORC1 on cell-cycle progression are largely due to the differences in the cell types and the diverse experimental conditions.
In addition to its growth-related function, TCTP was reported to have anti-apoptotic properties by antagonising the pro-apoptotic activity of Bax [44] . However, in this study, TCTP inhibition attenuated diabetes-induced podocyte apoptosis. Although the reason is unclear, one possible explanation is that podocyte apoptosis may be abrogated by the inhibition of the foregoing event, podocyte hypertrophy. Menini et al [45] demonstrated that podocyte apoptosis is not an early feature of experimental DN, as it is preceded by glomerular hypertrophy. In addition, Advani et al [46] found that inhibiting glomerular hypertrophy with an EGF receptor blocker preserves podocyte number in DM glomeruli. Moreover, a recent study showed that podocyte apoptosis occurs predominantly in hypertrophic glomeruli [47] . These findings support the thesis that hypertrophic process is a foregoing event of the apoptotic process. On the other hand, TCTP is differentially required for cell survival depending on the cell types, and its anti-apoptotic activity is more prominent in rapidly proliferating cells [48] . Therefore, TCTP may have little protective effect on apoptosis of terminally differentiated podocytes.
Besides its intracellular functions, TCTP is primarily secreted by mononuclear cells [49] , and exhibits a cytokinelike activity that stimulates histamine release from basophils [25] . In this study, however, there was no difference in plasma TCTP levels between DM and C mice. In contrast, we found that the urine TCTP/creatinine ratios were significantly increased in DM compared with C mice, suggesting that the increase in glomerular TCTP production, but not plasma levels, may contribute to the increase in urinary TCTP concentrations in DM mice. However, as neither dTBP2 nor rTCTP affected the levels of mTORC1 effectors and CKIs, and the cell size, it can be surmised that cytosolic but not secreted TCTP is involved in podocyte hypertrophy.
In this study, we used a hydrodynamic delivery of shRNAproducing lentivirus to achieve a stable knockdown of the gene. Indeed, the EGFP was produced stably in kidney tissues throughout the 6 weeks of the study period, and LV-shTctp1 transduction markedly reduced the colocalised signal for TCTP and synaptopodin. Although the method did not inhibit TCTP in podocytes specifically, these results suggest that this method can effectively silence the target in podocytes in vivo. In contrast, hydrodynamic injection of LV-shTctp1 failed to reduce the plasma TCTP levels possibly due to the limited lifespan of the transduced mononuclear cells or the inefficient transduction of haematopoietic cells.
In conclusion, we demonstrated that TCTP production is increased in podocytes under diabetic conditions. In addition, the inhibition of TCTP attenuates the activation of the mTORC1 effectors and CKI production, and reduces podocyte hypertrophy. These findings suggest that TCTP may play an important role in the process of podocyte hypertrophy under diabetic conditions by stimulating mRNA translation and inducing cell-cycle arrest at the G 1 /S interphase (Fig. 9) .
